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SUMMARY

This report presentghe developmenof lateral-directionalflying qualities guidelines
with application toeigenspacéeigenstructureassignmentnethods. Theseguidelineswill
assist designers ichoosingeigenvectorso achievedesiredclosed-loopflying qualitiesor
performing trade-offsbetweenflying qualities and other important design requirements,
such as achieving realizable gamagnitudesor desiredsystem robustness. This Haeen
accomplishedy developingrelationshipsbetweenthe system'seigenvectorsand the roll
rate and sideslip transfer functions. Using these relationships,along with constraints
imposedby systendynamics,key eigenvectorelementsare identified and guidelinesfor
choosingvaluesof theseelementdo yield desirableflying qualities have beendeveloped.
Two guidelinesaredeveloped one forlow roll-to-sideslipratio and one formoderate-to-
high roll-to-sideslipratio. Theseflying qualities guidelinesare based uporthe Military
Standardlateral-directionalcoupling criteria for high performanceaircraft - the roll rate
oscillation criteria and the sideslip excursion critefi&xampleguidelinesare generatedor
a moderate-to-large, an intermediate, and low value of roll-to-sideslip ratio.

1.0 INTRODUCTION

The Direct EigenspaceAssignment(DEA) method (Davidsonand Schmidt1986) is
currently beingusedto designlateral-directionatontrol laws for NASA's High Angle-of-
Attack Research Vehicle (HARV) (Davidson et al. 199Phis methodallows designergo
shape the closed-loop response by judicious choice of desired eigenvalues and eigenvectors.
During this design effoDEA hasbeendemonstratedo be a usefultechniquefor aircraft
control design. The control laws developedusing thismethodhave demonstratedjood
performanceyobustnessand flying qualities during both piloted simulation and flight
testing (Murphy et al. 1994).

During the control law designeffort, two limitations of this methodbecameapparent.
First, when using DEA the designerhas no direct control over augmentationgain
magnitudes. Oftenit is notclearhow to adjustthe desiredeigenspacén order to reduce
individual undesirablegain magnitudes. Second, although considerableguidance is
availablefor choosingdesiredeigenvaluegMilitary Standardtime constants,frequency,
and damping specifications),littte guidanceis available for choosing desired system
eigenvectors.Designguidanceis neededon how to selectclosed-looplateral-directional
eigenvectors to achieve desired flying qualities.

Thefirst limitation wasaddressed byhe developmenbf Gain Weighted Eigenspace
Assignment(GWEA) (Davidson and Andrisani 1994). The GWEA method allows a
designerto placeeigenvaluest desiredlocationsandtrade-offthe achievemenof desired
eigenvectors versus feedback gain magnitudéss reportaddressethe secondimitation
by presentingthe developmentof lateral-directional flying qualities guidelines with
applicationto eigenspacassignmenimethods. Theseguidelineswill assist designers
choosingeigenvectorgo achievedesiredclosed-loopflying qualitiesor performing trade-
offs betweenflying qualities and other importantdesignrequirementssuch asachieving
realizable gain magnitudes or desired system robustness.

This reportis organizedinto four sections. A review of lateral/directionaldynamics,
background information on how eigenvalues and eigenvectors influesystesn'sdynamic
responsea review of the Direct Eigenspacéssignmentmethodologyand anoverview of
existing lateral/directional flying qualities criteria is presentetth@rfollowing section. The
development of the lateral-directional eigenvector flying qualities guidelingsesentedn
the third section. Concluding remarks are given in the final section.



2.0 BACKGROUND

This sectionpresentsa review of lateral/directionabdlynamics,backgroundinformation
on how eigenvalues and eigenvectors influence a system's dynamic response, a theiew of

Direct Eigenspace Assignmemiethodologyand anoverviewof existinglateral/directional
flying qualities criteria.

Lateral-Directional Dynamics

The linearizedrigid body lateral-directionakquationsof motion for a steady,straight,
and level flight condition, referenced to stability axes, are (McRuer et al. 1973)
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where

[ = sideslip angle

p = stability axis roll rate

r = stability axis yaw rate
¢@= bank angle

A,il = aileron control input
Jrud = rudder control input

and the prime denotes the inclusion of the inertia terAscan be seen the lateral (p) and
directional (8 andr) responsesare coupled. The primary lateral-directionalcoupling
derivatives are: roll moment due to sideslip atgleroll momentdueto yaw rateL; , yaw
moment due to roll rats, , and yaw moment due to latecaintrolsNgs . A brief review of
the physical basis of these derivatives is given in the Appendix.



The characteristic equation for this system is
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There are three classical lateral-directional eigenvalues: a lightly darepiidtory pole
referred to as the Dutch roll pol&yf), afirst orderpole with a long time constantreferred
to as the spiral pole (Asprf), anda first order pole with a relatively short time constant
referredto astheroll por e (Aroll). The characteristiegquationcan be written in terms of
these eigenvalues as

A(s) =kp (S_/\sprl)(s_}\roll)(SZ +2{gr Wgr S+ wgr)
= ka (S_Asprl)(s_/\roll)(s_}\dr)(s_xdr)

where kA:YB—l, Agr = —Wqrlgr + jogr J1- (g2 and Ay denotes the complex

conjugateof Agr. Approximationsfor the systemeigenvaluesn terms of stability and
control derivatives (McRuer et al. 1973) are given by:
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The primary lateral-directionakontrol task iscontrol of bankangle with lateral stick.
The following relationships are developed for lateral stick controlling aileron defléétign
= 0,jl) with zerorudderinput. In the following, the sub-subscriptail” on the control

derivativeshas beendroppedto simplify the notation. The bank angle-to-lateralstick
transfer function is given by
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This transfer function can be written in pole-zero form as
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The following relationships can be written from (2.8) and (2.9)
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and

(2.11)
By makingthe following assumptiongreasonabléor mostconfigurations(McRueret al.
1973))
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equations (2.10) and (2.11) reduce to
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Sincep=sp, the roll rate-to-lateral stick transfer function can be written
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The steady-stateoll rate for a unit steplateral stick input (assumingthe spiral pole is
approximately at the origin) is given by
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The sideslip-to-lateral stick transfer function is given by
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Making the assumptions of (2.12a), and that the spiral pole is close to the origin, and that
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this transfer function can be written as
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The yaw rate-to-lateral stick transfer function is given by
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Making the asumptions of (2.12a) and (2.18a), this transfer function can be written as
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Eigenvalues, Eigenvectors, and System Dynamic Response

The eigenvalues and eigenvectors of a systemettedto its dynamicresponsean the
following way. Given the observable and controllable linear time-invariant system

X = Ax+ Bu (2.22a)

and output equation

y =Cx (2.22b)

wherex O R, uORM andy OR!.
The Laplace transform of equation (2.22a) is given by

sx(s) — x(0) = Ax(s) + Bu(s) (2.23a)

X(s) =[sl, = A "1x(0) +[sl,, — A "1Bu(s) (2.23Db)

Solution ofequation(2.22a) isgiven by taking the inverseLaplaceTransformof equation
(2.23b)

x(t) = £ ‘1{ s, - A]‘l} x(0) + £ ‘1{ s, - A]‘lsu(s)} (2.24)

Noting that
0 ‘1{ s, - A]‘l} = M (2.25)



the solution of (2.24) is (Brogan 1974)
t
x(t) = e*x(0) + I e "Bu(1)dr (2.26)
0
and system outputs are

y(t) = Ce™x(0) + jCeA“‘” Bu(r)dr (2.27)

The system dynamic matriR,, can be represented by

A=VAVI=VAL (2.28)

whereV is a matrix of systemeigenvectorsl. is the inverseeigenvectomatrix, andA is a
diagonal matrix of system eigenvalues. Given this restiltan be expressed by

=V =S v et (2.29)
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where); is the }h system eigenvaluej, is the }h column ofV ( j'[h eigenvector ofA ), andlj
is the }h row ofLL (j'[h left eigenvector of\). Equation (2.27) can then be expressed as

n n t
=y Cv,e" "1, x(0) + Y Cy, J’e““” |, Bu(t) dr (2.30)
1=1 =1 0
Noting that
Bu(t) = Z b u, (t) (2.31)
=1

whereb, is the kth columnof B and u, is the kth systeminput, the system outputs due
initial conditions and input, is given by

n n m t
y =y Cv, " V1, x(0) + S Z Cv,lb, J’e““” u (1) dr (2.32)
=1 J=1 k=1 0
The h system output is given by
n n m t
Y=y cv, "1, x(0) + )3 Z cv;l b, J’e““” u (1) dr (2.33)
=1 J=1 k=1 0

wherec, is the throw of C. In thecaseof initial conditionsequalto zero,the ith outputis
given by

n m Uy e
w®=3 3 Ry T uodr (2.34)
=1k=1 0

whereR;; = ¢Vl b, . In this expressior, ;  is the modal residue fautputi, associated
with eigenvalue j, and due to input k.



Given an impulsive input in théfkinput, equation (2.34) reduces to

Aj (D)

yi(t) = Z Z R.i. (2.35)
j=1k=1
and for a step input in théh(input, equation (2.34) reduces to (fp= 0)
O a
yi(t) = Z Z i (2.36)
j=1k=1 Aj

As these expressions show, a system's dynamiacependenbn both itseigenvaluesand
its eigenvectors. The eigenvalues determine the time coonstaetjuencyand dampingof
eachmode. The eigenvectorgleterminethe residues. The residuesdeterminehow much
each mode of the system contributes to a given output.

For example for the lateral-directionakystemgiven by equation(2.1), time responses
for a unit steplateral stick input (andzero pedalinput) canbe written in terms of system
eigenvalues and residues as (because there i®oealyput, the third subscript orthe R's
has been omitted)
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where X| denotes the magnitudexodndlIx denotes the phase anglexof



Direct Eigenspace Assignment Methodology

One possible approach to the aircraft conggaithesigoroblemwould be to synthesize
a control systemthat would control both the eigenvaluelocations and the residue
magnitudes. Sincethe residuesare a function of the system'seigenvectorghis naturally
leads to a control synthesis technique that involves achieving some desired eigertbgace in
closed-loopsystem(eigenspacéeigenstructureassignmentYMoore 1976;Srinathkumar
1978; Cunningham 1980; Andry 1983). An eigenspace assignment noetineaitly being
used to design control laws for NASA's High Angle-of-attack Reseéebitle (HARV) is
Direct Eigenspace Assignment (DEA) (Davidson et al. 1992; Murphy 898dl). DEA is
a control synthesitechniquefor directly determiningmeasuremenfeedbackcontrol gains
thatwill yield an achievableeigenspaceén the closed-loopsystem. Fora systemthat is
observableandcontrollableand hasn states,m controls,and | measurementDEA will
determine a gain matrix that will plateigenvaluego desiredlocationsandm elementsof
their associateceigenvectordo desiredvaluesT™. If it is desiredto place more than m
elementsof the associated eigenvectorsDEA yields eigenvectorsn the closed-loop
system that are as close as possible in a least squares sense to desired eigenvecters. A
detailed development can be found in Davidson and Schmidt, 1986.

Direct Eigenspac@ssignmentormulation
Given the observable, controllable system

X = Ax + Bu (2.40a)
wherex [0 R" andu [0 RM, with system measurements given by

z=Mx+ Nu (2.40b)

wherez O R!.
The total control input is the sum of the augmentation inpand pilot's inpuuID

u=u,+u, (2.41)
The measurement feedback control law is
u, =Gz (2.42)
Solving foru as a function of the system states and pilot's input yields
u=[Im—GN]‘1GMx+[Im—GN]‘lup (2.43)
The system augmented with the control law is given by
x=(A+B[l,, = GN]"GM)x + B[l,, ~GN]u, (2.44)
The spectral decomposition of the closed-loop system is given by

(A+ B[l -GN]'GM)v. = Av (2.45)

T This assumed > m. For ageneralstatementand proof of this property theeaderis referred to
Srinathkumar 1978.
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for i = 1,...n where); is the ith systemeigenvalueandvy; is the associatedth system
eigenvector. Letv be defined by

w, =[1,,—GN]"GMYy, (2.46)

Substituting this result into equation (2.45) and solving;fgields

v =[Al, - AlBw (2.47)

This equationdescribesthe achievableith eigenvectorof the closed-loopsystem as a
function of the eigenvaluer; andw; . By examiningthis equation,one can seethat the
numberof control variables(m) determineshe dimensionof the subspacen which the
achievable eigenvectors must reside.

Valuesof w; thatyield an achievablesigenspacéhatis ascloseas possiblen a least
squares sens® a desiredeigenspacecan be determinedby defining a cost function

associated with thé mode of the system
1
J = E(Vai ~Vy, )" Q (Vo —Vy) (2.48)

fori=1,..| wherev is the th achievable eigenvectassociateavith eigenvalue); , vq, is

the fh desired eigenvector, a@y; is ann-by-n symmetricpositive semi-definiteweighting

matrix on eigenvectorelementst. This costfunction representshe error betweenthe
achievable eigenvector and the desired eigenvector weighted by the@gatrix

Values of w; that minimize J; are determinedby substituting(2.47) into the cost
function forvy, taking the gradient af with respect tav; , setting thisresultequalto zero,
and solving fow; . This yields

w = [Agi Qg Ag] A HQy v (2.49)
where
Ay =[Agln-A"'B (2.50)

andAg; is the ith desiredeigenvalueof the closed-loopsystem. Noten this development
Ag; cannot belong to the spectrumfof

By concatenatinghe individual wi's column-wiseto form W andvy's column-wiseto
form Vg, equation (2.46) can be expressed in matrix form by

W=[l_-GN]'GMV, (2.51)

T SuperscriptH denotes complex conjugate transpose (Strang 1980).
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From (2.51), the feedbackgain matrix that yields the desiredclosed-loopeigenvalues
and achievable eigenvectors is given by (for independent achievable eigenvectors)

G=W[MV, +NW]" (2.52)

DesignAlgorithm

A feedback gain matrix that yields a desired closed-loop eigenspace is detanriiveed
following way:
1) SelectdesiredeigenvaluesAy, , desired eigenvectorsvy, , and desired eigenvector
weighting matrice€y; .
2) Calculatew; 's using equation (2.49) and concatenate these column-wise to form W.
3) Calculateachievableeigenvectorsvy 's usingequation(2.47) andconcatenatehese
column-wise to formy/y.
4) The feedback gain matr@is then calculated using equation (2.52).

Existing Lateral-Directional Flying Qualities Criteria and Eigenspace Assignment

A key goal of piloted aircraft control law design is to achieve desirable flying qualities in
the closed-loopsystem. A primary source forflying qualities design criteria for high
performanceaircraftis the Military StandardL797A - Flying Qualitiesof Piloted Aircraft
(andearlier versions- Military Standard1797 andMilitary Specification8785). Using
eigenspace assignment methods the desgpeaifiesthe desiredclosed-loopdynamicsin
the form of desired eigenvaluesand eigenvectors. The Military Standard provides
considerablegguidancefor choosinglateral-directionaleigenvaluego yield desiredflying
gualities (seeMilitary Standard1797A sections:4.5.1.1 -Roll Mode, 4.5.1.2 - Spiral
Stability, 4.5.1.3 -CoupledRoll-Spiral Oscillation, 4.6.1.1 -Dynamic Lateral-Directional
Response). Thiguidanceis in the form of desiredtime constantsand frequencyand
damping specifications.

Unfortunately,the Military Standardorovidesno direct guidancefor choosinglateral-
directional eigenvectors to yield desired flying qualities. Indirect guidance is provided in the
form of lateral-directional modal coupling requirements. Two sectioMilbéry Standard
1797A directly addresdateral-directionalcoupling for relatively small amplitude rolling
maneuvergseeMilitary Standardl797A sections4.5.1.4 -Roll Oscillations;and 4.6.2 -
Yaw Axis Responséo Roll Controller). In thesesectionsrequirementsre given placing
limits on undesirablgime responses du control inputs. Theserequirementsare based
on time responsegarametershat canbe measuredn flight and were derivedfrom flight
dataobtainedfrom aircraft possessingonventionalmodal characteristics. The database
used to define the desired and adequate flying qualities boundatiesvisfrom flight test
studies conducted during tle@®'s and70’s. The datausedto definethis criteriafor high
performance aircraft is considered to be sparse.

In addition to the MilitaryStandardmodal coupling criteria, someguidanceis available
from Costiganand Calico, 1989. The Costigan-Calicostudy correlatedpilot handling
gualities to the ratio of two elements of the Dutch eajlenvector. Although this studydid
not lead to a designcriteria, it does provide valuable pilot preferenceinformation for
variations in the studied parameter.
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The early lateral-directionaflight test studies,the Military Standardrequirementgor
high performanceaircraft performing precision tracking tasks, and the Costigan-Calico
study are summarized in the following.

Lateral-DirectionaFlight TestStudies

These studies (Chalk et 4969, Chalk et al. 1973) examinedthe flying qualitiesfor a
selectedangeof lateral-directionadynamics. Different configurationswere achievedby
varying the systemeigenvaluesthe roll-to-sideslipratio, and the bank angle-to-laterabtick
transfer function numerataeros. The roll-to-sideslipratio |@/Aqr is definedasthe ratio
of the amplitude®f the bankangleand sidesliptime responsesnvelopesf the dutchroll
mode, at any instant in time. Modal characteristics, transfer function aecdysijot ratings
for a selected set of configurations from one of these studies are given in Tables 1-6.

These studies demonstrated that lateral-directityinf qualitiesare influencedby the
relative location of the bank angle-to-lateralstick (or roll rate-to-lateralstick) transfer
function numerator zeros with respect to the dutch roll poles (equation (2.9) or (Zhé&)).
optimum pilot ratings occurred when the roll rate-to-lateral stick transfer furratimerator
zeros approximately canceled the dutch poles. Configurationswith zerosto the left of
the dutch roll pole were generally rated better than those with zeros to thelnigitdition,
configurationswith zerosin the lower left quadrantwith respectto the dutch roll pole
showedlessdegradationn pilot rating asthe zerowas movedfrom its optimum location
(See Figure 1).

For configurations with low roll-to-sideslip ratiage primary concernwasthe sideslip
responsehat resultedfrom the lateral stick input ratherthan the roll response. These
configurations have low coupling betwettre roll andsideslipresponses anithereforethe
roll response is onlglightly affectedby large sideslipangles. For configurationswith
mediumroll-to-sideslipratios, the primary concernwasthe characterof the roll response
that resultedfrom the lateral stick input. Configurationswith large roll-to-sideslip ratios
(along with a lightly damped dutch roll pole) exhibited large rolling moments due to sideslip
and were generally found to be unsatisfactory.

As a result of these studies, specifying flying qualities criteria in terrascafptableoll
rate-to-lateraktick transferfunction zerolocationswith respecto the dutch roll pole was
investigated. This approachwas found to have some major shortcomings. A primary
shortcoming was the needdocuratelydeterminethe location of the zeros ofthe roll rate-
to-lateral stick transferfunction; this is difficult to measure. Industry preferredflying
qualities criteria based on easily measured param@bedk et al. 1969). Thisleadto the
development of the current time response parameter-based criteria in the Military Standard.
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Military StandardCriteria

As shownin the flight test studies,the existenceof roll rate oscillationsis directly
relatedto the relativelocationsof the zeros and Dutcholl polesin the roll rate-to-lateral
stick transferfunction (equation(2.15)). Whenthe complexroots cancel,the Dutch roll
mode is not excited at all. When thég notcancel,thereis coupling betweerthe roll and
sideslipresponses. How thiouplingis manifesteddepends upoithe magnitudeof the
roll-to-sideslipratio for the Dutchroll mode, |@/B4r - An approximationfor the roll-to-
sideslip ratio (Chalk et al. 1969) is given by:

0 N erg%
B

‘9 D|LP|D LFZ 0 (2.53)
Bl |NgD L, ]

1+
H Ns H

The Dutchroll contaminatioroccursprimarily in yaw and sideslipif |@/Blgr is low (less
thanapproximatelyl.5) orprimarily in roll ratewhen|@/Blqr is moderate-to-largégreater
than3.5t0 5). As {p/Blgr tendstowardzero (L s tendstoward zero), the roll and sideslip
responses become less coupled.

In the Military Standardpilot subjectiveflying qualitiesratingsare quantifiedin terms
of Cooper-Harper ratings (Cooper and Harper 1969). The Cooper-Harper ratin@sdale
its predecessor the Cooper scale (Cod®&i7)),is a numericalscalefrom oneto tenwith
one being the bestrating and ten the worst (see Figure 2). Ipractice,Cooper-Harper
ratings from one through three asferredto as"Level One", ratingsfrom 4 through 6 as
"Level Two", and seven through 9 as "Level Three".

Roll Rate Oscillation Criteria

The (sc/ pavg parameters directedat precisioncontrol of aircraft with moderate-to-
high [p/@4r combined with marginally low Dutch roflamping. The ratio (Posc/ Pavg is a
measure of the ratio ahe oscillatory componenof the roll rateto the averagecomponent
of the roll rate following a step roll command (Chalk et al. 1969). This ratio is defined as

pOSC - p_|.+ p3_2p2 (254)
Pavg PLtP3+2P

for {qr less than or equal to 0.2 and

Posc - P1~ P2 (2.55)
Pavg PLt P2

for {gr greaterthan0.2 where py, p2, and p3 are roll ratesat the first, second,and third
peaks; respectively.

The values of (gc/ pavg thata pilot will acceptare a function of the angularposition
of the zerorelativeto the Dutchroll polein the roll rate-to-lateralstick transferfunction.
This angle will bereferredto asW;. Valuesof W1 for variouszerolocationsaregivenin

Figure 3. Becauseof the difficulty in directly measuring¥; , the criteria is specifiedin
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terms of the phase angle of thetchroll oscillationin sideslip(for a stepinput), Wg (see

equation (2.37)). This angle can be measured from the sideslipetipense dut a step
input. The angleW is directly relatedto the angle, Wg . For positive dihedral, this

relationship is given by (Chalk et al. 1969)
Wg OW -270 (degrees) (2.56)

This relationshipis relatively independenof roll and spiral eigenvaluelocationsand
holds for a wide range of stability derivatives.

The (posc/ pavg criteria (for positivedihedral)is given in Figure 4. The Level One
flying qualities boundary has a constant magnitude of 0.053d#@ > -130 and-340 =
Wg>-360 degrees and a constant magnitude of 0.25200> Wz > -270 degrees. The
magnitude increases linearly from a magnitude of 0.0%zat-130 degrees to magnitude
of 0.25 at¥3=-200 degrees. The magnitudecreasesnearly from a magnitudeof 0.25
atWp=-270 degrees to a magnitude of 0.08gt=-340 degrees.

For all flying qualitieslevels,the changein bankanglemustalwaysbe in the direction
of the lateral stick control command. This requirement applies for step roll commands up to
the magnitude which causes a 60 degree baglechangein 1.7 Tq secondswhereTy is
the damped period of the Dutch roll eigenvalue.

21T
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The primary source ofdatauponwhich this (psc/ Pavg requirements based ighe
medium ¢/B4r configurations of Meeker and Hall, 1967.

Ty = (2.57)

Sideslip Excursion Criteria

The Q\Bmax/ kg) parameter applies to sideslip excursions and is directsctedft with
low-to-moderateql/{qr . The term\Bmax is defined as thenaximumsideslipexcursionat
the c.g. for a step roll command

DBrmax = Max(B(t)) — min((t)) for 0<t<tg (2.58)

wheretg is equalto 2 seconds or onlealf period of the Dutchroll, whicheveris greater.
Thetermkg is definedasthe ratio of “achievedroll performance™o “roll performance
requirement”

0)

K, =1
B Beg

(2.59)

t=treq

where ¢[t) is the bankangleat a specifiedperiod of time, treq and @geq is the bankangle
requiremenspecifiedin the Military Standard(Chalk et al. 1969). Forexample,a @eq
typically used for highperformanceaircraftis 60 degreedankangleat one second.For
this requirement, equation (2.59) reduces to

_ ot

kg =+ 2.60
5= 60 (2.60)

t=1sec
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where@(t) has units of degrees.

The amountof sideslipthat a pilot will tolerateis a function of the phaseangleof the
Dutch roll component of sidesliglg (equation (2.56)). When the phase anglsuchthat
Bis primarily adverse (out of the turn being rolled into), the pilottolamatea considerable
amount of sideslip. When the phasing is suchfhafprimarily proverse (into the turn), the
pilot can only tolerate a small amount of sideslip because of the difficulty of coordination.

The (ABmax/ Kg ) requiremenis givenin Figure 5. Asshown,the Level One flying
qualities boundary has a constant magnitid2 for 0= Wg > -130 and-340= Wp = -
360 degrees and a constant magnitude of 6200= Wz > -270 degreesThe magnitude
increases linearly from a magnitude of 2/gt=-130 degrees ta magnitudeof 6 at Wg =
—200 degrees. The magnitudedecreasedinearly from a magnitudeof 6 at Wp =-270
degrees to a magnitude of 244t=-340 degrees.

This requirement applies for step roll control commands up to the magnitude that causes
a 60degreebankanglechangewithin Tq or 2 secondswhicheveris longer. The primary
source of data from which the sideslip requirenfenthigh performanceaircraft evolvedis
the low {p/(qr (approximately 1.5) configurations of Meeker and Hall, 1967. In getieral
available data suggest thAf3nax/ kg) is not as useful asdg./ pavg when|o/Bgr >3.5t0
5.0.

Costigan-Calicd-light TestStudy

The primary objectiveof this study(Costiganand Calico 1989) was to correlatepilot
handling qualities to the magnitude and phashefoll-to-sideslipratio for the Dutchroll
mode, p/B4r . Seven combinations of roll-to-sidestgtio magnitude(|¢/Blgr ) (0,1.5,and,
3.0) and phasangle([(p/B )dr ) (0, 60, and 120degrees)vere tested(Table 7). These
variationswere achievedby varying the magnitudeand phase ofhe ratio of the ¢ and 3
elements of the Dutch roll eigenvector. System eigenvalues, and rglb@akkigenvectors
were setto desiredvaluesand notvaried (Table 8). Control laws were designedusing
eigenspacassignmenandflight testedon a YA-7D testaircraft. Three pilots evaluated
each of thesesevenconfigurationsusing two Heads-Up-Displaytracking tasks (yaw
pointing and bankangle tracking) and anair-to-air task with a cooperativetarget. Pilot
ratings were given in terms of Cooper-Harpaings(Cooper and Harper 1969)Average
Cooper-Harper ratings for the ygwinting and bankangletrackingtasksare summarized
in Table 9.

Overall, the results showed little variation of the pilot ratings with |@/Blgr and a
preferencefor zero degreeroll-to-sideslip phase angle over the larger phaseangles.
Costiganand Calico statethat they believedthe poor lateral stick dynamicsof the YA-7D
testaircraft degradedhe lateralflying qualitiesratingsin all tasks andcontributedto the
small variations in pilot rating witlp|(qr .

As shown, the Military Standardprovides indirect guidancefor choosinglateral-
directional eigenvectorsto yield desired flying qualities in the form of the roll rate
oscillationandthe sideslipexcursioncriteria. Using thesecriteria, it is not clear how to
chooseeigenvectorsto achievedesired closed-loopflying qualities, or trade-off flying
qualities for other important design requirements,such asachieving realizable gain
magnitudes or desired system robustness. nelesectionaddresses thishortcomingby
presentingthe developmenbf guidelinesfor choosinglateral-directionaleigenvectorsto



yield desired flying qualities. This @done bydevelopingrelationshipsbetweerthe lateral-
directional eigenvectorsand the roll rate and sideslip transfer functions. Using these
relationships, along with constraints imposed by system dynamics, key eigenvector elements
are identified and guidelines for choosing valoésheseelementdo yield desirableflying

gualities developed.

3.0 LATERAL-DIRECTIONAL EIGENVECTOR DESIGN GUIDELINES

Eigenspace assignmemiethodsallow designergo shapethe closed-loopresponse by
judicious choice of desired eigenvalues and eigenvectorsh@sneatrlier,the eigenvalues
determinethe time constantor the frequency and damping of each mode and the
eigenvectors determine how much each mode of the system contributes to each output.

When choosingdesired closed-loop eigenvectorsthe designeris faced with two
challenges. First, the designer must choose which of the eleafightseigenvectomatrix
to specify. Using eigenspaessignmentmethodsfor a systemwith n statesm controls,
andl measurements, one has freedomto placel eigenvaluego desiredlocationsandm
elementsof their associateceigenvectordo desiredvalues. Since for aircraft there are
usually fewercontrolsthanstatesponly a subset othe systemeigenvectorganbe exactly
specified. Secondly, ondbe designethas chosemhich elementgo specify, he/shemust
decide what values to specify. Currently, no guidelines existfoosinglateral-directional
eigenvectorelementsto yield desirableflying qualities. Design guidelineswould allow
designersto perform trade-offs betweenflying qualities and other important design
requirements, such as achieving realizable gain magnitudes or desired system robustness.

This sectionaddresseshesetwo challengesby developingrelationshipsbetweenthe
system'seigenvectorsand the roll rate and sideslip transfer functions. Using these
relationships, along with constraints imposed by system dynamics, key eigenvector elements
are identified and flying qualities guidelinesfor choosingappropriatevalues of these
elements developed.

Transfer Functions and Eigenvector Element Ratios

Becauseeigenvectorganbe scaledby anarbitrary constantjndividual elementsof an
eigenvector are not unique. But, ratios of slementf the sameeigenvectorare unique.
Becauseof this, the eigenvectorelationshipsand guidelinesdevelopedn this sectionwill
be statedin termsof theseratios. Theseratioswill be referredto as eigenvectorelement
ratios. An eigenvectoelementratio is equalto the ratio of the x; andx; elementsin the
eigenvector associated with mddand will be denoted by

Oy, O

Eg,Bm (3.1)

ode k

Eigenvector element ratios (also referredsomodal responseatios) canbe expressed
using any one ofhe n cofactorsof the system'scharacteristiadeterminan{McRueret al.
1973). The eigenvector element ratio between two statasdx, and evaluatecat modek,
is given by
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Uy U SNGS) a for g=1..,n (3.2)
Hgaﬂ Hg (9 A

ode k

wherelgi(s) andAgj(s) arethe minors ofthe characteristiceterminantA(s) of the system
given by equation (2.1).

Roll RateOscillationsandEigenvectoElementRatios

The existence of roll rate oscillatiorssdirectly traceableo the relativelocationsof the
zerosand Dutchroll polesin the p-to-Osik transferfunction (equation(2.15)). Equations
for the frequency and real part of the Dutch roll pole are givesgmtiong2.4) and(2.5),
respectively. Equationsfor the p-to-0stk zeros,as a function of the Dutch roll frequency
and damping and lateral-directional coupling derivatives are determined as follows.

Substituting equatiof2.4) into equation(2.10) andmakingthe assumptions of (2.12)
yields

O NPl O
2 2 5 B
w5 Dws M- . (3.3)
(0] dr
Q BE%N[;%
Subtracting equation (2.5) from equation (2.11) yields
s0. Hig

200y D204 + D Ly + Ny - O (3.4
BQH_ %@%\‘ Vot

As shown by these equations, the location of the zeros of th&gpctcansfer function with
respectto the Dutchroll polesare primarily a function of the control coupling derivatives
(N's/L's); and the stability coupling derivatives £/ N'g), (N'p — 9/Vp), andL'r .

The control derivatives are elemenfsthe control matrix (B matrix of equation(2.22))
and are thereforeindependenbf systemeigenvectors. The ratio of control derivatives
(N's/ L's) can beadjustedby blendingthe lateralanddirectionalcontrol effectors(e.g.an

aileron-ruddeiinterconnect). The stability derivativesare elementsof the statematrix (A

matrix of equation (2.22)) and can be related to the system eigenvectors. This istdene in

following.

Solution for L}
The eigenvector element rafig/f is given by applying equation (3.2) with2 andj=1

Op0)_ DAz 0 L, (S‘Yﬁ) +lg

= - 3.5
aa EA31E 2 - L'ps—\? L, 39
0

whereg=3 is chosen to yield a desired solution forBvaluatingthis ratio ats = Agy , and
recognizing that botg L'y << L'g and(g/Vo)L'r<< wgr yields
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~LAg +L
glg%j i (3.6)
r Adr ~ I—p/\dr

Theterm (@/B)gr is the ratio of the bank angle and sideslip elementsin the Dutch roll
eigenvector. The phase angle of equation (3.6) is given by

DD§0D 0 —atan Lo dr\/ Z + atan S dr\ Zdr('— "'ZZdrwdr)g
EEEdr @L,B"'Zdrwdrl-@ Ewdr(zzdr )"’Zdrwdr E

SR ] R PV 1

B"dr (zzdr )Lﬁ + gLy +Zdrwdr|-p|—ﬁ twg L Lpf

(3.7)

Solving this equation fdr', yields

O

0oL L p t 2{gr War C‘)dr\:l- Zdr (wdr(Zdr D+ {growgr L )tanmglg%d

L O- %—B r
S

Wqr 1-2§ (Lp +Zdrwdr)tanD Eggd

mnrarrairiri

r

(3.8)

This phase angl@p/B) g is related to the phase an@lg/f)qgr by the following relation
D(pD DpD

Eﬁgd %d O Agr (3.9)

The phase anglé p/B)qr is a discriminatorof positive and negativedinhedral(Chalk et al.
1969). Positive dihedral corresponddo 45° < [ p/B)gr < 225°. Fora stablecomplex
Dutch roll pole

OAgr =180° —acos({y) (3.10)

Therefore, for positive dihedral (and a stable complex Dutch roll pole)

-135" +acos({y ) <O %ggd <45’ +acos({q) (3.11)
r

where0° < acos(qr) < 9. Results fromCostiganand Calico (1989) showa pilot
preference foi(lp/B) gr =0. Choosind(p/B) 4r =0 provides positive dihedral for asyable
complexDutchroll pole andsimplifies the solution for L'y . For [{p/B) gr =0, equation
(3.8) reduces to



. O %
B
L, O-grd Ly + 204 0q (3.12)
r %ﬁNB p r r)

A relationshipbetweenAq , L'p , and coupling derivativesis given by equation (2.6).
Solving this forl'y yields

L DAroII"’%‘%wp VO (3.13)

Substituting this equation farfp (equation (3.13)) into (3.12) yields
L0 DL'ﬁ DL'B % 9 2¢ 5 (3.14)
—H | tE= - + 2{gr Wy .
r %ﬁNB %"ro %_NB p VOE r r%

Solution for (N; —g9/\Vo)
The eigenvector element rati@y) is given by applying equation (3.2)

D DA31 EL +(s=Lp)

= (3.15)
Evaluating this ratio & = A;o) and recognizing that boN’pL r<<L'g and
(g/VO)LIr/Arou << I_I p yle|dS
Argl = L
@ED g froll Z 5 (3.16)
Phorl  Lg ~Arallls

The term (B/p)ron is the ratio of the sideslip and roll rate elementsin the roll mode
eigenvector. Substituting equation (3.13)IIQ,rinto (3.16) yields

%%a

Substituting equation (3.14) fat, into (3.17) and applyinguczjr O N'ﬁ yields

_a\,- 9 D
p
3.18
Egaoll 0 DL;; ( )
+Ar0l|§'\roll + 2 g gy + ? - Vo

(3.17)
ol Lg = AroilLs
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Solving for(N'p — g/\p) yields

oll
p (3.19)
DLB

Pl B0

%ﬁ Aot + 2 ranlar @ar + WG
a\,- g D H )

Solution for (L3 / Npg)
Substituting equation (3.14) fat, into (3.6) and applyintgogr O N'B yields

2
O DL[;D L +2(drwdr)/\dr+wdr[

%BEd %@%m o E (3.20)

By noting that the term in square bracketsgsalto -1 (andthatfor [(p/p) gr =0 the ratio
(@/B)r is a real number) equation (3.20) reduces to (for positive dihedral)

o0 _|g| _SLst
B o

By substituting equations (3.14), (3.19), and (3.21) into (3.3) and (3.4); om®wawbtain
expressions fothe frequencyanddampingof the transferfunction zeros asa function of
wdr » {dr » Aroll » (N's/ L's), andeigenvectorelementratios. This is donan the following

steps.

Substituting equation (3.21) into (3.3) yields

C
C (3.22)

0
a)g, Dwgr[l+ —
O ﬁdr[

Substituting equation (3.14) faf, into (3.4) yields

O [DNcS

2w<pZ(p D2werdr %@%@ron + %@%\‘p - _B+ ZZdrwdrE
(3.23)
cobp g0
B



Rearranging terms yields

OLg CHON, OOy
2wy U2wgrar ~ %%ﬁg/\roﬂ "'ZZdrwdr)_%\‘P ‘V%%‘%i L's

Now substituting equation (3.19) f@X', — g/\p) into (3.24) yields
204f U200 {r —

0
[
DLﬁEH]Nd +2 ro||+2/‘ro||5drwdr+wdr D O N5
Arall Zdrwdr H

\ G oll O, % Nﬁ s
E %"'/\roll ggaoll %@%

Wﬁﬁqm

(3.25)

Finally, substitutingequation(3.21) for {'g/ N'g) into equation(3.25) yields the desired
relationship

2w4[q, 0 deerr +

S

Eproll + 2Zdr"‘)dr)

[
DN5[|:t

'—5%

%ﬁa Aol + 2Arolt {or Wgr +wdr) O ‘go

ol gl %ﬁa B

oll er

(3.26)

Equations (3.22) and (3.26) providguationsfor w, and{, asafunction of system
eigenvaluesgigenvectorelementratios ( [@/Blgr and (B/p)roll ) andthe adverseyaw ratio
(N's /L'5). The relationship between (B/p)rol and N's /L'5) and wy and {p is
demonstratedh Figure 6 for ¢/Blgr = 5 andelgenvalues«\ron =-2.5, Agr = (ayr = 2.0
(rad/sec){dr = 0.1). In this figure, lines of constamy are given by solid lines (1.2, 2.5,
3 (rad/sec)) and lines of constdgt are given by dashed lines (0, 0.4, 0.7, 1).
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As can be seen from equation (3.26), the value of the|g@fig, hasa strongeffecton
the transferfunction zerolocations. For [p/Blgr = O, the locationsof the transferfunction
zerosare not affectedby variationsin (B/p)ron and N's/L's). As [p/Bgr increasesthe
zeros become more sensitive to variation®lp)o and NyLs).

SideslipResponse anigenvectoElementRatios

The sideslip-to-lateral stick transfer function can be written as (equation (2.19))

- (3.27)
2
Osti (S_ Aroll )(S + 20 grwgr S+ wdr)
Rearranging terms in the numerator yields
. ON . . gd
g __"B5 ( ) %ok (3.28)

Sk (S_}\roll)(SZ + 2 g g S+ wgr)

By substitutingequations(3.13), (3.19), and (3.21)into (3.28); onecan now obtain an
expression fothe sideslip-to-lateraktick transferfunction zero as a function of system
eigenvalues, eigenvector element ratios, and adverse yaw ratio. This is thafeliowing

steps.

Substituting equation (3.13) fafy, into equation (3.28) yields

Ly 0
. N g Ep N, Lg
—Ls 2 (5= Ao + =M--9
5 65'—5 ( roll) H\lp VO L5 %@% ( |
= 3.29
Ostk (S_)‘roll)(S +2{drwdr5+wdr)
Now substituting equation (3.19) f@X', — g/\p) into (3.29) yields
0 0
E 0\, DLB %ga Afolt * 2AronCor War +wdr)%
‘Lék(s Aroll) = él % °” - 0
ok s B B0 e f
roll
g0 Q paou %@% H

stk (5= Arai )(52 + 2 g e S+ wdr)

(3.30)



Finally, substituting equatio(8.21) for ('g/ N'g) into equation(3.30)yields the desired
relationship

0 ) 0
O . %ga roII + 21011 { dr Weir +wdr)D
_Ld SN (S Aroll) El 0” S
Obe O '—5 B [ Jg
E Aroll gﬁa O B
B g ol 1Plgr U
Osti (s- /\roll)(s +25drwdr5+wdr)
(3.31)

Equation(3.31) providesan equationfor the sideslipresponse aa function of system
eigenvaluesegigenvectorelementratios ( [@/Blgr and (B/p)roll ) andthe adverseyaw ratio

(N's/L' ).

Additional EigenvectoElementRatio Relationships

This sectionpresentsadditionaleigenvectorelementratio relationshipamposedby the
system dynamics.

Roll Rate-to-Bank Angle Ratios

The roll rate-to-banlkangleratiosfor eachmodecanbe determinedrom the kinematic
relationship between roll rate and bank angle

P _S@ (3.32)
Ostk  Ostk

Evaluating this equation at each mode yields the following relationships
LpO] Lp0] LpU]
Bg%d =Adr; B(%H = Arall; B‘%Esp = Agprl (3.33)
r oll rl

Yaw Rate-to-Sideslip Ratio in the Dutch Roll Mode

The yaw-to-sideslip ration the Dutchroll modecanbe determinedrom the sideforce
equation of (2.1). This is given by (making the assumptions of (2.12))

r_gbpd _
5 VOEEEHS Y5) =0 (3.34)

Evaluating this equation at= Agr, and solving forr{ B)qr yields

%Ed ==Adr + Y3 +_B5Ed (3.35)
r
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In general, bottYg and ¢/Vo)(@/Bgr are very small compared gy , therefore
%Ed O-Agr (3.36)
r

Yaw Rate-to-Roll Rate in Roll Mode

The yaw-to-roll rateratio in the roll mode can also bedeterminedfrom the sideforce
eqguation of (3.34). Evaluating this equatios=ak;q) , and solving forr{B)ro Yyields

G~ G, oo

Multiplying both sides byf/p)on and applying equation (3.33) yields

o0 _ 08O _ g
o, =, e ) 220

In generalYp is very small compared &y , therefore

0, @55 o (3.39)

oll

Yaw Rate-to-Bank Angle Ratio in the Spiral Mode

The yaw-to-bankangleratio in the spiral modecan be determinedfrom the sideforce
equation of (3.34). Evaluating this equatios=atsp| , and solving forr{B)spri yields

Orgd g UpU
=-A Yp + 3.40
%Esprl T Vo Bﬁgsp” ( )

Multiplying both sides byf/@spri and assuming3/@sprl (Y - Aspri) is smallcompared
to (9/\) yields

Cr U g
0= 3.41
%Esprl Vo ( :

Specifying the Desired Eigenvectors in terms of Eigenvector Element Ratios

Desired eigenvectorelementswill be chosen byconsideringboth the relationships
betweerthe eigenvectorlementratios andtransferfunctions,and constraintsimposedby
system dynamics. Desirailjenvectorlementswill be specifiedfor the lateral-directional
state vector given by

x={Bpre}T (3.42)
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For lateral-directional design, usually ortlyo controlsare available- roll momentand
yaw moment (the direct sideforce generated by conventional controls is usually small). This
developmentwill assumethat four measurementgor full-state feedback)are available.
Therefore,using eigenspacexssignmeninethodsone can exactly place all four lateral-
directional eigenvalues and only two elements of each associated eigenvector.

Of course,more than two elementsin eachdesiredeigenvectorcan be specified. This

results inclosed-loopeigenvectorghat are as closeas possiblén aleastsquares sende

the desiredeigenvectors. In this authorsexperiencefor fixed desiredeigenvaluesthe

resulting closed-loopeigenvectorsare usually a poor fit to the desired eigenvectors.
(Although not consideredin this work, eigenvectorfit can be improved by allowing

variations in the desired eigenvalues within a certain regibngrefore this work will only

consider specifying two elements of each eigenvector.

Becauseeigenvectorscan be scaledby an arbitrary constant,one elementof each
eigenvector willbe specifiedto be unity to ensurethat the eigenvectorare unique. In the
following desired eigenvectors,*aindicatesthat the elementis notspecifiedandtherefore
not weighted in the cost function.

Spiral Eigenvector

The spiral mode is first ordermodewith a long time constant. Classically,the spiral
modeis dominantin bankangleandalmostnonexistentin sideslip. Therefore,the bank
angleelementwill be choserto be unity. The eigenvectorelementratios availableto be
specified forthis eigenvectorare (8/¢@, (p/g, and ¢/¢). Havinga very small spiral mode
contributionto sideslipis desirablebecauset resultsin coordinatedbanking and turning.
This can be achieved by choosing they( to be zero. This results Rgspr = 0. Thetwo
remaining ratios (gg) and (pf) are constrained by the system dynami€ie ratio of the p
andg@elements is constrained be equalto the spiral eigenvaluglequation(3.33)) andhe
ratio of ther and g elementds constrainedo be approximatelyequalto (g/Vp) (equation
(3.41)). Therefore, the desired spiral mode eigenvector is specified to be

vgn =[0 * * 4T (3.43)

Roll Eigenvector

The roll mode is a first order mode with a relatively short time constlatssically,the
roll mode is dominantin roll rate thereforethis elementwill be chosento be unity.
Therefore the eigenvectorelementratios availableto be specifiedfor this eigenvectorare
(B/p), (r/p), and @p). As was shown by equation (3.28)e ratio of the 8 andp elements,
(BIp)ron , effectsthe cancellationof the Dutch roll modein the roll response. The two
remaining ratios, (r/p) an@/p), are constrained by the system dynamics. The ratioeap
andp elements is equal to the inverse of the roll eigenvalue (equation (3.33)) and the ratio of
the r andp elementsis a function of the roll eigenvalueand @/p) (equation(3.39)).
Therefore, the roll mode eigenvector is specified to be

Qm”:%%% I P *;T -
o
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DutchRoll Eigenvector

The Dutchroll modeis alightly dampedoscillatory mode. For thiseigenvectorthe
sideslip elementwill be chosento be unit magnitudewith zero phase. Therefore,the
eigenvector element ratios availabbebe specifiedfor this eigenvectorare (p/@), (r/£), and
(¢@p). Specifying the ratio of th8 andgelements in th®utchroll eigenvectoidetermines
the |@/B|qr ratio. Results fromCostiganand Calico (1989) showa pilot preferencefor [
(@'B)ar = 0. The two remainingratios, (p/B) and (/[) are constrainedby the system
dynamics. The ratiof ther andf elementds constrainedy the systemdynamicsto be
approximately equal to the negative of the Dutch roll eigenvalue (equation (3.36)). The ratio
(p/B) can be written as the product of tff) and /¢ ratios. Becausdhe ratio of the p
and @ elementds constrainedo be equalto the Dutch roll eigenvalue(equation(3.33)),
once the @gp) ratio is specifiedhenthe (p/f) ratio is alsospecified. Therefore the Dutch
roll mode eigenvector is specified to be

gdr=§L0) SN E-

where (¢, ¢ ) denotes (magnitude, phase (degrees)).

mak
,0 (3.45)
dr %

Eigenvector Element Ratio Design Guidelines

In the previous section, desired lateral-directional eigenvectors were specified in terms of
eigenvector element ratiogg/Bqr and(B/p)ron ), andthe adverseyaw ratio (N's/ L'g). In
this section, relationshigsetweenrthe Military Standardateral-directionaktoupling criteria
andtheseparametersvill be developed. Using theserelationshipsthe Military Standard
Level One flying qualities boundariescan be translatedinto guidelineson eigenvector
element ratios and the adverse yaw ratio.

Roll RateOscillationCriteriaandEigenvectoElementRatios

The Dutch roll contamination occurs primarityroll ratewhen|@/gr IS moderate-to-
large. For theseonfigurationsthe Dutchroll contaminatiorcan be quantifiedin the time
domainby the ratio (Posc/ Pavg (equationg2.54-55)). Thigatio canbe expressed as a
function of {p/Bqr, (B/P)roll » and N's/ L's) by defining itin termsof the system residues.
This is done in the following.

The roll rate dueto a unit stepinput in lateral stick expressedn terms of system

residues and eigenvalues is given by (because there is onlyponhehe third subscript on
theR's has been omitted)

R - R
p(t) = Me/\spﬂt + Lo”e)\l'oﬂt + ZM e_Zdrwdl’t Cos(wdr\l_ Zgl’ t + D p,dr )
/\sprl Aroll Adr Adr
(3.46)
where (Churchhill et al. 1976)
L5 Aroll (/\rou - Zgo)(}\rou - zgo) (3.47)

ool = (/\roll _ASprI)(AfO“ ~Adr )(/\roll _}Tdr)



- Ls Agprl (Aspn _Z<P)(’\Sprl —741)
SPr (ASDH _Aroll)(ASp” ‘Adr)(ASDrI _/Tdr)

Ls Adr (/\dr - Z(p)(/\dr - zgo)
(Adr - )‘sprl )(/\dr = Arall )(Adr - )Tdr)
and Zp = —wq,Zq, + ja)(p\fl—Zq,Z and X denotes the complex conjugaikex. The p-to-dsik

transfer function numeratozg canbe expresseth termsof systemeigenvalues|@/Blqr
(BIP)oil » and N's/ L's) as

(3.48)

Rpar = (3.49)

Zp D29 = ~0f o+ |@py 1~ { (3.50)
where
D DN D 0L
w2 062 = Wi [1+ (3.51)
() (] dr C
e, T, F
and

2w¢Z¢ l 2&)¢Z¢ = deerr +

Op0  EON;

Eﬁ%d %ﬁa roll + 2 gr W )

?H Aol +2Aroll {ar W +C")dr)g’_ 7 DN'5
U

+ EBDr L'5
il RS

oll

(3.52)

where X denotes an approximation to x. An approximatiop(tpexpressed in terms dtp
is given by

ﬁ(t) = Me/\sprlt + MeAI’OIIt +2 Rp1dr e_Zdrwdrt Cos@)dr\se‘sl_zgr t+0 vadr )
Asprl Aroll dr Adr
(3.53)
where
= LsAwa (}\ron - 2go)(/\lrou _Ego) (3.54)

ool = (/\roll _ASprI)(AfO“ ‘/\dr)(/\roll _}Tdr)
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L(S /\sprl (Asprl - 2(p)(/\sprl - Ego)

Iqu,sprl = = (3.55)
(Asprl _)‘roll)(}\sprl _Adr)(AsprI _/\dr)
= _ L5 Adr (/\dr a 2(p)(}‘dr B Eqo)
Ro.dr = — (3.56)
(Adr - )‘sprl )(/\dr - /\roll )(Adr - Adr)
The ratio(posc/ Pavg can be expressed as a functiorp() by
Posc E’osc - E’l + P3_2E)2 (3.57)
Pavg Pavg PLtPB3+2D2
for {yr less than or equal to 0.2 and
Posc Posc - PL- P2 (3.58)

Pavg Pag PL+P2

for {4r greaterthan0.2 where p;, P, and ps arevaluesof p(t) atthe first, second,and
third peaks; respectively.

Equations (3.57-58) (along with equations (3.50-56)) provide expressions for
(Posc/ Pavg) @s a function of system eigenvaluegBir, (B/p)ronl , and N's/ L'g). Using
these equation§os:/ Pavg) can be calculated in the following way:

1) Choose systemigenvaluesandvaluesof |@/Blqr , (B/P)roll , and N's/L's). Note
that this development requires (IN'£/ L's) [0/B4r)>0.

2) Calculate(bq, andf ¢ Using equations (3.51-52) and foﬁ;p.

3) CalculateRy gyi Ry roll» and Ry g Using equations (3.54-56) and forxt).
4) Generate step time response ugxi) (equation (3.53)).

5) Pick off peaks fron(t) step time responséy{, p,, and ).

6) Calculate(Pos:/Pavg) Using equation (3.57) or (3.58).

SideslipExcursionCriteriaandEigenvectoElementRatios

The Dutch roll contamination occurs primarity sideslipif |@/Blgr is low. The Dutch
roll contamination can be quantified in the time domain by the &iadx/ k3 ) (equations
(2.58-59)). Thisparametercan be expressed aa function of |@/Blgr , (B/P)ron , and
(N's/ L's) by defining it in terms of the system residues. This is done in the following.

The sideslipdueto a stepinput in lateral stick expressedn termsof system residues
and eigenvalues is given by (because theoalig oneinput, the third subscript orthe R's
has been omitted)



B(t) = fo + R;/}sprl Asp”t Rﬂ,rolle)\m”t

sprl Arall (3.59)
5 e_Zdr(“)dl't Cos(a)dr \/ﬂt + [ F\;ﬁ,dl’ )
dr dr
where
Asprl Aroll | Adr | )‘dr E

Making the assumptions of (2.12) and Ispecifying the desiredspiral eigenvectoras
defined in (3.43), equation (3.59) reduces to

R
) = o+ 2ot 4 B L oty 1 1+ 072K
roII Adr Adr
(3.61)
where
D
Bo = Rg.roll +2|Rﬁdr|cos(m Rﬁdr i (3.62)
Aroll | Adr | Adr
. DN'5 . 0. g nn
~Ls BE(AroII - Lp) + H\Ip _Vo%
Rﬁ,roll = (363)

(Aroll - Adr )(/\roll - /Tdr)

o ONgg, oy Oy g
. L5Hg(/‘dr Lp)+H\'p voHF o
o (/\dr _Aroll)(/\dr _Adr)

An approximation tg3(t) expressed in terms a§/Bar, (B/P)roll , and N's/ L's) is given by

~

) = o+ 0100 ot B8t ooy 123 1o 0 B
Aroll /\dr /\dr
(3.65)
where
P DR/3r0|| | Rﬁdr
- 3.66
Bo = %/\m“ Adr cos(d )E (3.66)
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O N7'5D§0D %D
~ L(SBH Ls HEgdr pElou

RB,I’O” = = (367)

ol %%%o” glggdrﬁ

BN' B /Td ' tlj éggd Bgégro|| D
7 S-Amﬂ%ad.aa%ﬁ

RB,dr i (/\dr _/Tdr)

and X denotesan approximationto x. The ratio (ABmax/ kg ) can be expressed as a
function of B(t) by

(3.68)

D = OB (3.69)
g ks
where
DBrmax = BBmax = max(B(D)) - min(B() for 0<t<ty  (3.70)
wheretg is equal to 2 seconds or one half period of the Dutch roll, whichever is greater, and

kg Okg = 2 (3.71)
B="B~ 60
t=1sec
where
q’kt) _ &b + Rg'sprl e)\sp”t + RD,I’O“ e/\ro||t
Asprl Aroll
) . (3.72)
+2 vadr e_ZdrO‘Jdl’t COS@dr\;“sl—Zgr t+0 Rp’dr )
/\dr /\dr
with
. OR : -
@ = F{gosprl R(p,m” + Ry |COS@ Rpr ) (3.73)
D/\Sprl Aroll Adr Adr T
~ ~ é II at a
Rost =22 Ry =20 Ry =L (a7
sp /\dr

where Ry o1 Ry roll- and Ry ¢ are defined by equations (3.54-56).
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Equations (3.69-71) (along with equations (3.65-3.68) and (3.72-74))provide
expressions for(ABmaX/kB) as a function of systemeigenvaluesgigenvectorelement

ratios (§p/Barand(B/p)ron ), and N's/ L'y) . Usmgtheseequatlons(AﬁmaX/ kB) canbe
calculated in the following way:

1) Choose system eigenvalues a&atliesof |@/Bldr , (B/P)ron ,and (N's/ L's) . Note
that this development requires (IN'£/ L's) [0/B4r)>0.

2) Calculate[Bo, I-:{ﬂ,m“ , and I;iﬁ,dr (using equations (3.66-68)) and fonfﬁ(rt).

3) Generate step time response ug(ﬁ(lg(equation (3.69)).

4) CalculateA,fj’maX (equation (3.70)) frorrfi(t) step time response.

5) Calculategty, Ryspri+ Rproll» @nd Ry gr (Using equations (3.73-74)) and fot).
6) Calculatelzﬁ (equation (3.71)) fror’rfo(t) (equation (3.72)).

7) Calculate(ABmaX/IZB) using equation (3.69).

PhaseAngle of DutchRoll Componenbf SideslipandEigenvectolElementRatios

The values ofposc/ Pavg and BBmax/ kg ) that apilot will acceptarea function of the
phase angle of the Dutebll componenbf sideslip,Ws . Thisangleis directly relatedto

the angular position of the zero relativetie Dutchroll polein theroll rate-to-lateraktick
transfer functio¥!;. This angle is given by

o 'Jl G - ~ Wy 1~ Z
an
E ~{arWar +{ W %

(3.75)

As shownearlier (equation(2.56)), for positivedihedral,'¥ 3 and¥1 canbe relatedby
(Chalk et al. 1969)

Wp OW -270 (degrees) (3.76)

An approximation td¥z expressed in terms of systaigenvalues, [@/Bqr , (B/P)roll , and
(N's/ L's) is given by

Wy 0¥ =ata rD ar (1= Car - By _Z"’D 270 (3.77)
H  ~{ar®ar +Z¢‘U(p H

Where&)q, andfq, are defined by equations (3.51) and (3.52).
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Equation(3.77) providesan expression foﬁJB asa function of systemeigenvalues,

lo/Bar ,» (B/P)ronl , and N's/ L's). Using theseequationsflJE can be calculatedin the
following way:

1) Choose systemigenvaluesandvaluesof |@/Blqr , (B/P)roll , and N's/ L's). Note
that this development requires (IN'£/ L's) [0/B4r)>0.

2) Calculatecbq, andfq, using equations (3.51-52).
3) CalculatquB using equation (3.77).

This development assumes valuespdidir , (B/p)ronn , and N's/ L'5) havebeenchosen
that yield complex conjugate transfer function zeros (i.e{p%¥g andcb(p>0).

Generatindeigenspacé&lying QualitiesGuidelines

Eigenspace flying qualities guidelines for choogifip).on and N's/ L's) for agiven
value of ¢p/(qr are determined in the following way:

1) Choose value opfgr and desirectigenvaluegroll andspiral eigenvaluest Level
One locations).

2) Evaluate(Posc/ Pavg) » (A,@maxllzﬁ), and L~IJB over desiredrangeof (B/p)ron  and

Ng/Ls.
3) Theeigenspaceoll rate oscillationguidelineis based orthe Military Standardoll
rate oscillation criteria. This guidelinecan be determinedby overlayingthe (bosc/ f)avg)

and qJﬁ data and translating the Level One roll rate oscillation boundary into boundaries on

(BP)roll and N's/L's) .
4) The eigenspacesideslip excursionguideline is based orthe Military Standard
sideslip excursion criteria.  This guideline can be determined by overlaying the

(ABmax! EB) and qJﬁ data and translating thevel One sideslipexcursionboundaryinto
boundaries o/p)ron and N's/ L'y) .

The appropriateguidelineto use isa function of the value of |@/B|gr . Forlow |@/B|qr
(lessthanapproximatelyl.5), the eigenspacsideslipexcursionguidelineshould be used.
For moderate-to-high|@/B|gr (greater than approximately 5), the eigenspaceroll rate
oscillationguidelineshould be used. Fantermediatevaluesof |@/flgr , both guidelines
must besatisfiedto meetLevel One flying qualities. A compositeeigenspaceoll rate
oscillation/sideslipexcursionguidelinecan be obtainedby overlaying the guidelinesfrom
these two criteria.

Eigenspacé&lying QualitiesGuidelineExamples

Example guidelines are generateddaonoderate-to-largentermediateanda low value
of |p/Bqgr . These guidelineare developedor valuesof |@/Bldr , (B/P)roll , and N's/ L's)

that yield complex conjugate transfer function zeras@left half plane(i.e. O<f p<land
(I)(p>0). For all of these casesthe eigenvaluesare set to the following values:
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Asprl = —0.005, Aol ==2.5, Adr = (wyr = 2.0(rad/sec),{gr = 0.1). The valuesof |@/Blgr
considered are|Bqr = 10, {p/Bqgr = 5, and ¢/Bqr = 1.

Example One-|@/Aqr =10

Theroll rate oscillationcriteriais the suggestegrimary criteria for moderate-to-large
|o/Blar - The first stepin generatingthe eigenspaceoll rate oscillation guideline is to
evaluate( Posc/ Pavg) and qJB over the desired range @p)on and N's/ L's). Figure 7
showshow lines of constant(bosc/ ba\,g) are a function of (B/p)ronn and N's / L's) for
l/Bar = 1Q This figure shows contour lines f@Pos: / Pavg) €qual t0.05 and 0.25.The
magnitude of( Posc/ Pavg) is directly related to the cancellation of the Duteh pole in the
roll rate-to-laterastick transferfunction. At (B/p)ro =0 and Ng/Ls )=0, the Dutch roll
poleis cancelechnd(bosc/ E)avg) equalszero. As (B/p)on and (N's / L's) increasein

magnitude, there is an increase in the Dutch roll modes contribution to treteolisponse
and therefore Pos: / Pavg) inCreases in magnitude.

Figure 8 shows how lines of constaﬁdﬁ are a functiorof (B/p)ron and (N's/ L's) for
a value of¢/Bqgr = 1Q This figure showscontourlines for flJﬁ equalto 0, —-130, -200,

—270, and-340 degrees. Since qJﬁ is directly relatedto the angularpositionof the zero
relativeto the Dutchroll polein theroll rate-to-lateraktick transferfunction, the constant
Wj lines radiate from the poiB/p)rol =0, N's/ L'5)=0. By overlayingthe (Bos:/ Pavg)

and CPB contourdata,the Military Standard_evel Oneroll rate oscillation criteria can be

translatednto boundarieon (B/p)on and N's/ L's). This is dondn Figure 9. This

figure showshow the four line segmentshat composethe Military Standardcriteria map
into the eigenspacguideline. The resultof this mappingis given by the solid black line.
Valuesof (B/p)ronl and N's / L's) that lie inside this boundarymeetthis criteria. This

guideline is presented again in Figure 10 without(fhg. / Pavg) and qJﬁ contours.

Example Two- |@/Bdr = 5

For intermediate values @/Bqr, bothguidelinesmust besatisfiedto meetLevel One
flying qualities. The eigenspacguidelinesare generatedy first evaluating ( fJosc/ bavg)’

(A[?max/lzﬁ), and flJﬁ over the desired rangd (B/p)ron and N's/ L's). Theeigenspace

roll rate oscillationguidelineis obtainedby overlayingthe (Pos: / E)avg) and qJﬁ dataand

translating the Military Standard Level One roll rate oscillation boundary into boundaries on
(BIp)on and N's/ L's) . This guideline is given by the soluack line in Figure 11. The

eigenspacsideslipexcursionguidelineis generatedy overlayingthe (ABmaX/ IZB) and

qJﬁ data and translating the Military Standartel One sideslipexcursionboundaryinto

boundarieon (B/p)on and N's/ L's). Thisguidelineis given by the solid grayline in
Figure 12.

Both of thesecriteria must besatisfiedto meet Level One flying qualities. The
composite eigenspace guideline is obtained by overlaying these two criteria. didngits
Figure 13. The eigenspace roll rate oscillation guideline is given Isotliblack line and



the eigenspacssideslip excursionguidelineis given by the solid grayline. Values of
(Bp)on and N's/ L's) that lieinside both of theseboundarieswill yield Level Oneflying
gualities. As canbe seen/for thisvalueof |@/Blgr both guidelinesare approximatelythe
samesize, but over most of the boundarythe roll rate oscillation guidelineis the more
restrictive criteria.

As canbe seen bycomparingFigures 10 and1, the eigenspaceoll rate oscillation
guideline is approximately the same shape a®fg} =10 but considerably larger size.
This demonstrateshe sensitivity of this guideline to the value of |@/Bldr - AS {p/Blar
decreases, theystem'dlying qualitiesbecomelesssensitiveto variationsin (8/p)rol and

(N's/L'y).

Example Three- |@/Aqr =1

The sideslipexcursioncriteria is the suggestedrimary criteria for low |@/Blgr. The
eigenspacsaideslipexcursionguidelineis generatedy first evaluating (A[}max/lzﬁ) and

qJB over the desiredrangeof (B/p)ron and N's/ L's). The guideline is obtained by

overlaying the(ABmaX/ 12[5) and LNIJE dataandtranslatingthe Military Standard_evel One

sideslip excursion boundary into boundarieg/@p)o and N's/ L's). Thisguidelineis
given by the solid gray line in Figure 14. Valueg@P)on and ('s/ L'y) thatlie inside
this boundary meet this criteria.

As canbe seen byomparingFigures 12 and4, this guidelineis approximatelythe
same size as fop3qr = 5. This guideline is considerably less sensitive to variatiotise
value of ¢p/3qr than the roll rate oscillation guideline.

4.0 CONCLUDING REMARKS

This report presentghe developmenof lateral-directionalflying qualities guidelines
with application to eigenspa@ssignmentnethods. Theseguidelineswill assist designers
in choosing eigenvectors to achieve desired closed-loop flying qualities or performing trade-
offs betweenflying qualitiesandother importantdesignrequirementssuch as, achieving
realizablegain magnitudesor desiredsystem robustness. This Hasenaccomplishedy
developingrelationshipsbetweenthe system'seigenvectorsand the roll rate and sideslip
transferfunctions. Using theserelationships,along with constraintsimposedby system
dynamics, key eigenvector elements have been identified and guidetire®osingvalues
of these elements to yield desirable flying qualities developed.

Two guidelinesare developed- one forlow |@/Blgr and one formoderate-to-high
|@/Blar - Theseflying qualities guidelinesare based uporthe Military Standardlateral-
directional coupling criteria for high performanceaircraft. The low |@/B|gr eigenspace
guideline is based on the sideslip excursion criteFiae high [p/B|gr eigenspacguideline
is based orthe roll rate oscillation criteria. For intermediatevalues of |@/Bgr , both
guidelinesmust besatisfiedto meetdesiredflying qualities. A compositeeigenspaceoll
rate oscillation/sideslipexcursionguidelineis obtainedby overlaying the guidelinesfrom
these two criteria.

Example guidelineare generatedor a large,an intermediateandlow value of |@/Bgr-
For all of thesecaseghe eigenvaluesre setto fixed valuesandare not varied. In these
examplesit was shown that the value of the ratio |@/Blgr has a strong effect on the



eigenspaceoll rate oscillation guideline, whereasthe eigenspacesideslip excursion
guideline is relatively insensitive to variations@i3g.

Piloted simulationflying qualitiesexperimentsare plannedto validateandrefine these
guidelines.
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Appendix - Primary Lateral-Directional Coupling Derivatives

A couplingderivativeis onein which a motion, angle,or control input aboutone axis
imparts a momentabout an orthogonalaxis. The primary lateral-directionalcoupling
derivatives are: roll moment due to sideslip ahgieroll momentdueto yaw rateL , yaw

moment due to roll ratl, , and yaw moment due to lateral contigés

Adverse Yaw due to Ailerong N

In an aircraft in which ailerons are the primary lateral control effector, a rigtuormtitol
input resultsn the left ailerondown andright aileronup. Thisleadsto a rolling moment
due to more lift on the left wing arldss onthe right. More lift on the left wing resultsin
more dragon the left wing. Therefore thereis alsoa yaw momentappliedto the aircratft.
For ailerons this yaw moment is opposite to the turn (adverse).

Dihedral Effect I,g

Dihedral of the open-loopairframeis primarily affectedby wing location (mid-wing,
high-wing, etc.), dihedral angle, and sweep. When anaircraft with positive dihedral
encounters a positive sideslip it will tendradl to the left becausehe right wing will see a
higher angle-of-attack. An aircraft with positidénedraleffectwill causean aircraftto roll
away from the sideslip. A negative value gfis positive dihedral.

Roll Moment due to Yaw Rate L

When an aircraft rotates to the right, the left wing will see an increase in forward velocity
(andtheright a decreasellueto the rotation. This velocity changeresultsin lift changes
that cause a roll moment in the direction of the yaw rateddiition, the yaw rate generates
a lateral velocity change #itetail. This resultdn a sideforce at the tail (which is usually
above the roll axis) causing a roll moment.

Yaw Moment due to Roll Ratg N

The primary contributionto Ny, is dueto the wing. This derivativeis a componentof
adverseyaw. When anaircraftrolls to the left, an angle-of-attackncrementis generated
due to the roll rate. This angle-of-attack increment increhsdit on the downwardwing
(and decreases on the upward wing) and resutteilift vectorbeingtilted forward. This
results in a yaw moment usually opposite to the roll.

Primed Derivatives
The primed derivatives are defined by

' I-i +(|xz/|x)Ni . b I\li +(|xz/|z)|-i
H T 1-(12/142) | Ni= 1-(12/1412)

where the subscript i denotes a motion or input quantity.

(A.1)
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Adequacy for selected task Aircraft Demands on the pilot in Pilot
or required operation* characteristics selected task or required operation*|rating
Excellent Pilot compensation not a factor 1
Highly desirable for desired performance
Good Pilot compensation not a factor 2
Negligible deficiencies for desired performance
Fair - Some mildly Minimal pilot compensation 3
unpleasent deficiencies  required for desired performance
Yes Minor but annoying Desired performance requires 4
Is it deficiencies moderate pilot compensation
; Deficiencies . )
satlgfactory warrant Moderately objectionable Adequate performance requires 5
without . deficiencies considerable pilot compensation
improvement? improvement
Very objectionable but Adequate performance requires 6
tolerable deficiencies extensive pilot compensation
Yes Major deficiencies Adequate performance not attainable
with maximum tolerable pilot 7
Is adequate clojrgspﬁeor;sation controllability not in
performance Deficiencies q
attainable with . require Major deficiencies Considerable pilot compensation is 8
atolerable improvement required for control
pilot workload - — - —
Major deficiencies Intense pilot compensation is 9
required to retain control
Is it Improvement Major deficiencies Control will be lost during some 10
controllable mandatory portion or required operation

* Definition of required operation involves designation of flight phase
and/or subphases with accompanying conditions

Pilot
decisions

Figure 2 - Cooper-Harper handling qualities rating scale (Cooper and Harper 1969).
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AB-1 AB-2 AB-3
wyr (rad/sec) 2.36 2.51 2.55
{dr 0.1 0.1 0.1
|@/Bar 15 15 15
O(@/Bgr (degrees) 50 44 47
Troll (seconds) 0.4 0.4 0.4
Tspiral (SECONS) 1000 1000 1000

Table 1 - Modal Data for Group AB.
(Data obtained and derived from Chalk 1969 and Chalk 1973)

Sub-  Config. Wy {p  (Posc/ Pavg (DBmax! k) Cooper
Group (rad/sec) (degrees) Rating
AB-1 a 2.02 0.04 0.144 17.9 7
b 2.08 0.05 0.105 14.2 7
C 2.16 0.05 0.07 9.76 7
d 2.28 0.06 0.034 4.58 6.5
e 2.36 0.05 0.024 4.16 7
f 2.42 0.07 0.028 5.47 8
AB-2 a 1.97 0.10 0.265 7.65 7
b 2.12 0.10 0.15 5.34 4
C 2.34 0.10 0.044 2.37 3
d 2.40 0.10 0.026 1.62 4
e 2.44 0.10 0.015 1.05 3
f 2.48 0.12 0.003 0.45 3
g ] i 0.013 0.53 3
h 2.66 0.11 0.038 1.54 4.5
i 2.77 0.11 0.064 2.72 7
AB-3 a 1.99 0.17 0.28 29.68 7
b 2.15 0.17 0.173 22.14 6
C 2.31 0.18 0.102 15.74 55
d 2.46 0.18 0.064 10.53 4
e 2.59 0.19 0.061 9.12 6
f 2.68 0.19 0.071 9.46 8
- denotes data not available

Table 2 - Transfer Function Zeros and Subjective Ratings for Group AB.
(Data obtained and derived from Chalk 1969 and Chalk 1973)
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BB-1 BB-2 BB-3
wyr (rad/sec) 2.49 2.49 2.60
Car 0.1 0.1 0.1
lo/Bar 5 5 5
O(@/Bgr (degrees) 42 45 46
Troll (seconds) 0.4 0.4 0.4
Tspiral (S€CONAS) 1000 1000 1000

Table 3 - Modal Data for Group BB.

(Data obtained and derived from Chalk 1969 and Chalk 1973)

Sub-  Config. (o (Posc/ Pavg  (ABmax/ kg) Cooper
Group (rad/sec) (degrees) Rating
BB-1 a 1.20 0.08 2.01 18.88 7
b 1.81 0.07 0.412 9.03 4
C 1.81 0.07 0.412 9.03 6.5
d 1.89 0.07 0.321 7.76 7
e 2.12 0.07 0.144 4.58 4
f 2.37 0.06 0.033 1.17 5
g 2.37 0.06 0.033 1.17 6
h 2.83 0.07 0.082 3.85 8
BB-2 a 1.64 0.08 0.649 12.67 6.5
b 2.00 0.08 0.224 6.77 3
C 2.34 0.09 0.039 2.18 2
d 2.67 0.10 0.044 1.58 4
e 2.95 0.11 0.107 4.53 7
BB-3 a 0.61 0.13 226.5 30.69 7.5
b 1.69 0.17 0.660 12.78 4
C 2.18 0.18 0.184 6.44 3
d 251 0.20 0.079 3.75 2
e - - 0.097 3.74 4
f 3.15 0.23 0.145 4.70 3.5
g 3.64 0.26 0.202 6.13 55

- denotes data not available

Table 4 - Transfer Function Zeros and Subjective Ratings for Group BB.

(Data obtained and derived from Chalk 1969 and Chalk 1973)
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| CB-1 CB-2 CB-3
oy (rad/sec) | 2.47 2.48 2.44
{ar | 0.1 0.1 0.1
|©/Bar | high high high
O(¢/Bdr (degrees) | 41 39 46
Troll (seconds) | 0.4 0.4 0.4
Tspiral (Seconds) | 1000 1000 1000

Table 5 - Modal Data for Group CB.
(Data obtained and derived from Chalk 1969 and Chalk 1973)

Sub- Config. Wy {o (Posc/ Pavg  (BBmax/ k3) Cooper
Group (rad/sec) (degrees) Rating
CB-1 | a - - -1.697 32.45 9
| b 1.03 0.06 3.376 9.39 7
| C 2.14 0.03 0.127 1.53 6.5
| d 2.49 0.003 0.048 1.06 7
| e - - 0.110 2.80 9
|
CB-2 | a - - -1.366 43.92 10
| b 0.69 0.26 13.58 9.70 55
| C 2.09 0.12 0.158 2.45 55
| d 2.84 0.11 0.086 1.36 8
|
CB-3 | a - - -3.014 16.59 7.5
| b 1.72 0.16 0.482 4.13 6
| C 2.74 0.21 0.113 1.98 55
| d 3.26 0.25 0.192 2.45 8
| e 3.88 0.29 0.251 2.96 8

- denotes data not available

Table 6 - Transfer Function Zeros and Subjective Ratings for Group CB.
(Data obtained and derived from Chalk 1969 and Chalk 1973)



|9/Blar | D(9/Bar (degrees)
| 0 60 120
0 | v | 3 | 3
1.5 | v | v I v
3.0 | v | v I 4
v denotes tested configuration
® denotes not tested
Table 7 - Costigan-Calico Test Matrix.
(Data from Costigan and Calico 1989)
State Vector Roll Mode Spiral Mode Dutch Roll
Mode
Eigenvalue -4.0 -0.025 (3.0,0.4)
Eigenvector b 0 0 Bdr
p 1 X X
r 0 X X
(0] X 1 Qar

* (+,») denotes (frequency (rad/sec),damping) for eigenvalues
x denotes elements not weighted in the cost function

Table 8 - Costigan-Calico Design Parameters.

(Data from Costigan and Calico 1989)
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| Yaw Pointing Task | Bank Angle Tracking Task
|9/Blar | O(@/Bar (degrees) | O(@/Bdr (degrees)
| 0 120 | 0 120
0 | 6.2 | - | 4.2 | .
1.5 | 5.2 | 5.7 | 40 | 4.5
30 | 4.2 | 6.0 | 38 | 4.7

Table 9 - Costigan-Calico Tracking Task Average Cooper-Harper Ratings.
(Data from Costigan and Calico 1989)



